Introduction
In nitrate-poor soil, symbiosis (Sym) between rhizobia and leguminous plants leads to the development of nitrogen-fixing nodules, in which atmospheric nitrogen is fixed. Molecular signal transduction between rhizobia and their hosts triggers nodulation. The nodulation (nod) genes of rhizobia play important roles in the development of nodules. Nod genes are involved in synthesis of Nod factors that are required for bacterial entry into root hairs [1] . Thirteen nod genes have been identified on pRL1JI, the Sym plasmid of Rhizobium leguminosarum bv. viciae, and they lie in five transcription units, nodD, nodABCIJ, nodFEL, nodMNT, and nodO [2 -5] . Among these nod genes, nodD is constitutively expressed and is negatively auto-regulated [6, 7] , whereas most other nod genes are inducible and positively regulated by NodD in the presence of flavonoids released by plant roots [2, 5] .
NodD is a member of the LysR-type transcriptional regulators (LTTRs), which are thought to be one of the largest families of prokaryotic DNA-binding proteins [8] . LTTRs regulate the transcription of numerous genes and operons involved in diverse metabolic processes, such as amino acid biosynthesis, CO 2 fixation, nitrogen assimilation, and catabolism of aromatic compounds [9 -11] . Most LTTRs, while activating expression of target genes in the presence of small specific molecules, repress their own expression. Through mutational study and amino acid sequence similarity analysis, N-terminal DNA-binding domain and C-terminal regulatory domain of LTTRs were found [8, 12, 13] , and the 66 N-terminal amino acids were likely to form a conserved helixturn-helix (HTH) motif [14] .
Efforts were made to build the relationship between the primary structures and the properties of the proteins encoded by the nodD genes. Point mutations in nodD from R. leguminosarum led to alteration of autoregulation and/or transcriptional activation properties [15] [16] [17] . By in vivo homologous recombination between the nodD1 gene of Rhizobium meliloti and the nodD gene of Rhizobium trifolii, several regions of the nodD product involved in auto-regulation and the specific activation by flavonoids were located [18] .
According to the crystal structure of CbnR, a member of LysR family protein, there was a hinge-like region, but without further data to show its possible function [19] . To know whether there actually is such a region in NodD, and to find out its possible function, we made systematic mutation of NodD. A novel region (I85 -D96) of only 12 amino acids in length that affected NodD's performance was identified. We built a structure model of NodD using Swiss-PDB Viewer software. The model implied this 12-amino acid peptide as a hinge region.
Materials and Methods

Microbiological techniques
Bacterial strains and plasmids are listed in Table 1 or in the text. Media and general growth conditions were as described by Hu et al. [6] . Biparental conjugation was performed to mobilize broad host range plasmids from Escherichia coli S17-1 to R. leguminosarum as described by Simon et al. [20] .
Site-specific mutagenesis of NodD by primer overlap extension PCR Site-specific mutagenesis by primer overlap extension PCR was described in previous report [21] . The primers used are listed in Table 2 . Four primers and three PCR are used to create a site-specific mutation by primer overlap extension. In the first two PCR, the forward primers (F) paired with primer EnodD and the reverse primers (R) paired with primer BnodD. In the third PCR, primer EnodD paired with primer BnodD, and the PCR products of the first two PCR were used as templates. PCR products of 1.2 kb in length, containing mutated nodD, were cloned into the plasmid pKT230 at BclI and EcoRI sites. The plasmids were transferred from E. coli S17-1 to R. leguminosarum bv. viciae 8401 containing either pMP221A or pMP220D by biparental conjugation. The sequence of the oligonucleotide encoding tetracysteine (TC) tag (Cys-Cys-Pro-Gly-Cys-Cys) is 5 0 -TGCTGCCCCGGATGCTGC-3 0 . The resulting clones were sequenced by Sangon Company (Shanghai, China).
b-Galactosidase assays
Rhizobium was incubated at 288C under aeration in TY medium [6] . Cells were first grown 20 h up to stationary phase, then subcultured into fresh TY media at 1 : 100 dilution. Naringenin was added to a final concentration of 10 mM as the induction condition. The culture was incubated until the A 600 value ¼ 0.4. The b-galactosidase assays were performed as described previously [22] . Assays of b-galactosidase activities were performed in triplicate and were reproducible within 15% from experiment to experiment.
Model building
The LysR family members NodD, CbnR, CatR, NahR, OxyR, OccR, and DntR were aligned by the ClustalX program and modified manually [23] . The model of NodD monomer was built using Swiss-PDB Viewer software of Swiss-PDB Viewer service [24] . Homology modeling of R. leguminosarum bv. viciae NodD monomer was performed using the crystal structure of Ralstonia eutropha CbnR (PDB code 1IZ1) as the template [19] .
Results
PCR-directed mutation and screening for novel functional sites A series of insertions of oligonucleotide encoding TC tag into nodD gene were constructed by PCR-directed site-specific point mutation (Fig. 1) [26] .
Identification of a function region of NodD
Identification of sequence I85-D96 of NodD
Further insertion mutations were performed site by site near E94 by using the method mentioned above (Fig. 1) . pKT230-based plasmids containing nodD mutants were transferred to R. leguminosarum bv. viciae 8401 harboring the nodA-lacZ fusion plasmids. b-Galactosidase activity is expressed in Miller units (U). Naringenin (10 mM) was used as induction condition. Assays of b-galactosidase activities were performed in triplicate and were reproducible within 15% from experiment to experiment. a The value is the b-galactosidase activity of Rhizobium transformed by a plasmid carrying one of the mutant nodD alleles vs. the activity of Rhizobium carrying the wild-type nodD plasmid in the presence of naringenin. The inserted TC tag contains (Cys-Cys-Pro-Gly-Cys-Cys) oligo-peptide.
Identification of a function region of NodD
The engineered nodD genes were then cloned into pKT230 and transferred into R. leguminosarum bv. viciae 8401 (pMP221A) or R. leguminosarum bv. viciae 8401 (pMP220D) to detect their effects on nodA activation (nodA-lacZ) and nodD auto-regulation (nodD-lacZ), respectively, measured as b-galactosidase activity in the absence or presence of naringenin. The results are shown in Deletion of the hinge region of NodD abolished NodD's two properties To confirm that the hinge region was a region that affected NodD's function, deletion mutation was performed using the method mentioned above. The engineered nodD gene was then cloned into pKT230 and transferred into R. leguminosarum bv. viciae 8401 ( pMP221A) or Rhizobium leguminosarum bv. viciae 8401 (pMP220D) to detect its effect on nodA activation (nodA-lacZ) and nodD auto-regulation (nodD-lacZ), respectively, measured as b-galactosidase activity in the absence or presence of naringenin. The results are shown in Table 5 . It was found that mutant D12 appeared to abolish its auto-regulation and nodA activation properties completely. This result has further proved that I85-D96 was a functional region. pKT230-based plasmids containing nodD mutants were transferred to R. leguminosarum bv. viciae 8401 harboring either the nodA-lacZ or nodD-lacZ fusion plasmids. b-Galactosidase activity is expressed in Miller units (U). Naringenin (10 mM) was used as induction condition. Assays of b-galactosidase activities were performed in triplicate and were reproducible within 15% from experiment to experiment. a The value is the b-galactosidase activity of Rhizobium transformed by a plasmid carrying one of the mutant nodD alleles relative to the activity of Rhizobium carrying the wild-type nodD plasmid in the presence of naringenin.
Location of I85-D96 on the NodD structure model At present, there is no experimentally determined structure of NodD. The structures of full-length CbnR and part-length DntR (chain B, A76-A301) were available [19, 27] . To build a homology model of the full length of NodD, we used CbnR protein (PDB code 1IZ1) from R. eutropha as a template. Figure 2 showed the structure model of the NodD monomer built according to the alignment shown in Fig. 3 . According to our model, NodD was composed of the DNA-binding domain featuring the winged HTH structural motif, hinge region, and regulatory domain. In this model, residues I85-I90 are located in the helix and residues N91-D96 are located in the hinge region; however, in the structure of DntR (PDB code 1uth), the T86-R97 was the hinge region of loop structure, residue T85 was located in the helix which links to the conserved HTH motif, and residue T98 was located in the b-sheet of C-terminal regulatory domain. Figure 3 shows that the sequence similarity of NodD-DntR is much higher than that of NodD-CbnR. It is generally agreed that insertions within a-helices and b-sheets of proteins are tolerated less well than insertions in loops or near the ends of secondary structure elements [28] . Table 4 shows that mutants of the I85-D96 region retained NodD's function. Thus, it is very likely that the I85-D96 region composed mainly of a loop structure.
Discussion
NodD is a member of LTTRs, which were typically composed of N-terminal DNA-binding domain and C-terminal regulatory domain. In this work, we identified, by insertion mutation, a functional region (I85 -D96) of NodD. We found that insertion mutation in this region resulted in higher basal expression of NodA than that of wild type ( Table 4 ). All mutants of this region retained their auto-regulation properties. According to the structure model of monomer NodD, it is very likely that I85-D96 is the hinge region connecting the DNA-binding domain and regulatory domain. It seemed that insertion mutations made in this region were well-tolerated. Insertion mutations made in other regions abolished activation and/or auto-regulation properties of NodD (Table 3) , in those cases, either DNA-binding domain or regulatory domain was impaired.
Using hydroxylamine random mutagenesis, Burn et al. [15] have obtained four classes of mutations in the nodD gene of R. leguminosarum that affected autoregulation or/and transcriptional activation. The mutation sites were located into either the N-terminal DNA-binding or C-terminal regulatory domain. The I85-D96 region was not included. We found that replacing the I85-D96 peptide of NodD by the Q85-E96 peptide of NahR, a member of LTTRs, the auto- pKT230-based plasmids containing nodD alleles were transferred to R. leguminosarum bv. viciae 8401 harboring either the nodA -lacZ or nodD-lacZ fusion plasmids. b-Galactosidase activity is expressed in Miller units (U). Naringenin (10 mM) was used as induction condition. Assays of b-galactosidase activities were performed in triplicate and were reproducible within 15% from experiment to experiment. Identification of a function region of NodD regulation and transcriptional activation properties of the mutant were similar to those of the wild type NodD (data not shown). However, the hinge region was not just a physical linker. It was reported that mutants G96S and G99R were constitutively active mutants of CbbR, a member of LysR family proteins. In those cases, residues Gly96 and Gly99 are situated near or in hinge regions of the structure model of CbbR [29] . Our unpublished data showed that replacing the I85-D96 peptide of NodD by the T85-T96 peptide of DntR, another member of LTTRs, the transcriptional activation property of the mutant was significantly lower than that of the wild type NodD. Therefore, the hinge region of NodD might contribute to the overall conformation which is related to NodD's function.
At present, in R. leguminosarum bv. viciae, the exact mechanism of how NodD responds to inducer to initiate the transcription of inducible nod genes remains unclear. Several in vitro experiments indicate that multiple LTTRs undergo conformational change in response to small signal molecules [30] [31] [32] [33] [34] , but the exact role of the conformational changes is not clear. It is possible that inducers can change the conformation of activators to expose their domains that interact with RNA polymerase (RNAP), facilitating the formation of the open transcription complex [35] [36] [37] . RNAP a-subunit C-terminal domain as a potential target for protein-protein contacts has been indicated for some LTTRs, such as OxyR [38] , CatR and ClcR [39] , NahR [40] , and CysB [41] . In this study, all mutants retained their N-terminal DNA- Figure 3 Multiple sequence alignment of the LysR family members The organisms and Swissport sequence identifiers are: CatR (Pseudomonas putida; P20667), NahR (P. putida; P10183), OccR (Agrobacterium tumefaciens; P0A4T4), OxyR (E. coli; P0ACQ4), CbnR (R. eutropha; Q9WXC7), DntR (Burkholderia sp. DNT; Q7WT50), and NodD (R. leguminosarum; P04681). Residues belonging to the same group were considered similar and shading was added to indicate 100%, 80%, and 60% column similarity levels. The conserved putative HTH region and the novel functional region were indicated by underline.
Identification of a function region of NodD binding domain and C-terminal regulatory domain; therefore, it is possible that an insertion mutation increases the length of the hinge region and this may facilitate exposure of sites to the RNAP. Another possible mechanism underlying LTTR-induced transcription of its target gene relates to protein-directed DNA bends [31, 32] . Data showed that the binding of NodD to nod box induced a bend [42, 43] . Modulating DNA bending is correlated to its NodD-mediated transcription [44] . Thus it is possible that the DNA bend angle NodD mutant induced is different to that the wild type NodD induced.
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